Little is known about carotenoids, a diverse group of plant compounds with antioxidant activity, and their association with diabetes, a condition characterized by oxidative stress. Data from phase I of the Third National Health and Nutrition Examination Survey (1988Survey ( -1991 were used to examine concentrations of a-carotene, |J-carotene, cryptoxanthin, lutein/zeaxanthin, and lycopene in 40-to 74-year-old persons with a normal glucose tolerance (n = 1,010), impaired glucose tolerance (n = 277), newly diagnosed diabetes (n = 148), and previously diagnosed diabetes (n = 230) based on World Health Organization criteria. After adjustment for age, sex, race, education, serum cotinine, serum cholesterol, body mass index, physical activity, alcohol consumption, vitamin use, and carotene and energy intake, geometric means of p-carotene were 0.363, 0.316, and 0.290 u.mol/liter for persons with a normal glucose tolerance, impaired glucose tolerance, and newly diagnosed diabetes, respectively (p = 0.004 for linear trend), and geometric means for serum lycopene were 0.277, 0.259, and 0.231 nmol/liter, respectively (p = 0.044 for linear trend). All serum carotenoids were inversely related to fasting serum insulin after adjustment for confounders (p < 0.05 for each carotenoid). If confirmed, these data suggest new opportunities for research that include exploring a possible role for carotenoids in the pathogenesis of insulin resistance and diabetes. Am J Epidemiol 1999;149:168-76.
result in the lowering of antioxidant concentrations in people with glucose intolerance (16) .
Thus, it is conceivable that both endogenous and exogenous antioxidants could play a role in the pathogenesis of glucose intolerance. Carotenoids are one possible source of exogenous antioxidants. However, little is known about the association of individual serum carotenoid concentrations and glucose intolerance. Therefore, we examined data from the Third National Health and Nutrition Examination Survey (NHANES m) to evaluate the associations between glucose intolerance and serum a-carotene, (3-carotene, cryptoxanthin, lutein/zeaxanthin, and lycopene.
MATERIALS AND METHODS
Between 1988 and 1991, the first phase of NHANES HI was conducted. Details of the methods of this survey have been described elsewhere (17) . The survey used a stratified multistage probability design so that study results would be generalizable to the noninstitutionalized civilian population in the United States.
Of the 4,423 participants in phase I who were between 40 and 74 years old, 1,958 participants attended the morning clinic session. Among participants who reported no previous history of diabetes, we excluded pregnant women, participants who had fasted less than 10 hours, and those whose 2-hour blood draws were outside a 15-minute window around the 2-hour period. In addition, a number of participants did not take the oral glucose tolerance test for various medical reasons. After these exclusions, we were able to define the glucose tolerance status of 1,665 participants according to World Health Organization criteria (18) . Persons who reported ever having been told that they had diabetes were considered as having previously diagnosed diabetes. Those who did not report such a history but had an oral glucose tolerance test were classified as follows: a normal glucose tolerance test (both fasting and 2-hour glucose below 140 mg/dl (7.8 mmol)), impaired glucose tolerance (fasting blood glucose below 140 mg/dl (7.8 mmol) but 2-hour glucose 140-^200 mg/dl (7.8-^:11.1 mmol)), and newly diagnosed diabetes (fasting blood glucose £140 mg/dl or 2-hour glucose >200 mg/dl (11.1 mmol)). Recently, new diagnostic criteria for diabetes have been developed (19) . NHANES IH was designed and conducted at a time when the previous guidelines were still in effect and, thus, an oral glucose tolerance test was added to the survey. Because using the new criteria would result in a lower prevalence of diabetes than using the World Health Organization criteria (19) , we used the latter in our analyses.
Five carotenoids were assayed at the National Health and Nutrition Examination Survey laboratory at the Centers for Disease Control and Prevention: acarotene, p-carotene, cryptoxanthin, lutein and zeaxanthin, and lycopene. Detailed laboratory procedures for these assays have been published elsewhere (20) . Reversed-phase high performance liquid chromatography with multiwavelength detection was used to quantify the concentrations of these carotenoids (21) .
Our analysis included the following variables: sociodemographic variables (age, sex, race, education), health status, lifestyle variables (physical activity, alcohol consumption), dietary intake from a single 24-hour recall (total calories and carotenes), vitamin use, physiologic variables (cholesterol, high density lipoprotein cholesterol, systolic blood pressure, diastolic blood pressure, serum cotinine), and anthropometric parameters (body mass index). Four levels of physical activity were defined: vigorously active, moderately active, lightly active, and sedentary. A limitation of the physical activity survey questions was that the duration of participation in each activity was not asked of participants. "Vigorously active" was defined as participating three or more times per week in an activity with metabolic equivalent levels of >6 for participants who were 60 years or older and 7 for participants who were younger than 60 years. "Moderately active" was defined as participating five or more times per week in activities of which no more than two could be considered vigorous activities. "Lightly active" was defined as participation that was not vigorous or moderate. "Sedentary" was defined as engaging in no leisure-time physical activity. Alcohol consumption was obtained from questions on the food frequency questionnaire, and the total number of times respondents had used alcohol-containing beverages was calculated by summing the number of times beer, wine, and hard liquor were used. Three categories of alcohol consumption were then defined: none, <60 drinks per month, and >60 drinks per month. We averaged the second and third systolic and diastolic readings to define blood pressure. "Overweight" was defined as a body mass index of >27.8 kg/m 2 for men and £27.3 kg/m 2 for women. All analyses were conducted with SAS (Statistical Analysis System, Cary, North Carolina) and SUDAAN (Research Triangle Institute, Research Triangle Park, North Carolina) software; the weighted estimates, using the morning clinic and home examination weight, and standard errors were produced with SUDAAN software to account for the complex survey design (22) . Age standardization was done with the direct method using 5-year age categories from the 40-to 74-year-old US population in 1980. Because of skewed distributions, carotenoid concentrations were log transformed to better approximate the normal distribution for regression and correlation analyses. We calculated covariateadjusted geometric means for the carotenoid concentrations using SAS software and calculated the significance of differences by glucose tolerance categories using SUDAAN software.
RESULTS
Among those who had an oral glucose tolerance test, 1,010 had a normal glucose tolerance test, 277 had impaired glucose tolerance, 148 had newly diagnosed diabetes, and 230 reported a previous history of diabetes.
Various age-adjusted demographic and behavioral characteristics for the four groups (normal glucose tolerance, impaired glucose tolerance, previously diagnosed diabetes, new diabetes) are presented in table 1. Significant differences in age, race, education, health status, smoking status, physical activity, overweight, alcohol consumption, blood pressure, serum cotinine, and diet are evident among the four groups.
Data describing the relations between carotenoid concentrations and potential confounders are presented in table 2.
After adjustment for these potential confounding factors, several differences in carotenoid concentrations by glucose tolerance status were evident from the data (figure 1). p-Carotene showed the most impressive gradient; mat is, compared with persons with a normal glucose tolerance, the geometric mean of persons with impaired glucose tolerance was about 13 percent lower, and that of persons with newly diagnosed diabetes was about 20 percent lower (p = 0.004 for linear trend). Lycopene also was inversely related to glucose intolerance; that is, compared with persons with a normal glucose tolerance, the geometric mean of persons with impaired glucose tolerance was about 6 percent lower, and that of persons with newly diagnosed diabetes was about 17 percent lower (p = 0.044 for linear trend). Furthermore, the geometric mean of cryptoxanthin was about 23 percent lower in persons with newly diagnosed diabetes compared with persons with a normal glucose tolerance. To examine whether these relations differed by sex, we included interaction terms for this variable in the model. The interaction term was not significant, suggesting that the relations between diabetes status and carotenoid concentrations were similar for men and women. Carotenoid concentrations for persons with previously diagnosed diabetes were similar to those for persons with a normal glucose tolerance. Adjusted means for participants with previously diagnosed diabetes were 0.075, 0.360, 0.156, 0.436, and 0.268 umol/liter for <x-carotene, (J-carotene, cryptoxanthin, lutein/zeaxanthin, and lycopene, respectively.
Adjusted for potential confounders, baseline fasting and 2-hour glucose concentrations were inversely related to (3-carotene and cryptoxanthin, and 2-hour glucose concentrations were inversely related to lycopene (table 3) . Because serum carotenoids were not normally distributed, we also present Spearman's partial correlation coefficients for comparison. However, because of the complex sampling design, we were unable to compute correct p values for these coefficients, and, thus, the p values presented in the table are for regression and Pearson's partial correlation coefficients only. Fasting insulin concentrations were inversely related to all serum carotenoids.
We repeated the analyses in figure 1 by adding fasting insulin to the model. Only the test for linear trend for f}-carotene remained significant.
DISCUSSION
These population-based data from NHANES III suggest that carotenoid concentrations are associated with insulin resistance and glucose tolerance status. However, the cross-sectional nature of the data limits inferences on temporality and causation. The evidence was strongest for (3-carotene and lycopene, which • Adjusted for age, sex, race, education, serum cotinine, serum cholesterol, body mass index, physical activity, alcohol consumption, vitamin use, carotene Intake, and energy intake.
t p values for regression and Pearson's correlation coefficients but not for Spearman's correlation coefficient. i Dependent variables were log transformed to Improve normality. Spearman's correlation coefficients are also presented for comparison.
§ Numbers in parentheses, standard error.
showed linear relations with the degree of glucose tolerance abnormality. Cryptoxanthin also was lower in persons with newly diagnosed diabetes compared with persons with a normal glucose tolerance, aCarotene and lutein/zeaxanthin were not significantly different among participants with abnormal glucose tolerance compared with those with a normal one. The methods used in NHANES HI lend considerable credibility to the data; that is, diabetes status was derived from an oral glucose tolerance test, and state-of-theart techniques were used in determining serum concentrations of carotenoids. Few other data about carotenoid concentrations in persons with and without diabetes have been published. Significantly higher proportions of men and women with known noninsulin-dependent diabetes mellitus had carotene deficiency than did healthy control patients (23) . In a case-control study of patients with acute myocardial infarction, both diabetic cases and controls had lower p-carotene concentrations than did patients without diabetes (24) . More recently, diabetes was shown to be inversely related to P-carotene but not a-carotene, p-cryptoxanthin, or lutein in a study of 109 dialysis patients (25) .
[J-Carotene and to a lesser degree cryptoxanthin and lycopene were correlated with either baseline fasting glucose concentrations and/or 2-hour concentrations. All the carotenoids were inversely related to fasting insulin concentration, supporting an association between serum carotenoid concentrations and insulin resistance and thus raising the possibility that carotenoids may favorably affect glucose tolerance by influencing insulin resistance. Various measures for insulin resistance have been used in epidemiologic studies. Because the superiority of any specific measure has not been conclusively established, we used fasting insulin as a marker for insulin resistance in our analyses (26). Using a different measure of insulin resistance, homeostatis model assessment, instead of fasting insulin (27) , we repeated the analyses presented in table 3 and found similar results. All p values remained less than 0.05.
Several possibilities may explain the variation of serum carotenoid concentrations by glucose tolerance. First, these results could have occurred by chance. Second, we may not have adjusted for all the relevant confounders. Third, residual confounding may still be present. For example, differences in consumption of carotenoids among the various groups could have resulted in these findings. However, we adjusted the data for dietary intake and vitamin consumption, although we were only able to use dietary data obtained from a single 24-hour recall. Fourth, oxidative stress due to impaired glucose tolerance or diabetes could have caused these results by influencing the absorption of various carotenoids from the intestinal lumen, as a result of altered metabolism of carotenoids, or as a result of other mechanisms. Carotenoids are absorbed by passive diffusion, but little is known about how efficiently carotenoids are absorbed by humans or the factors that influence this absorption (28) . However, individuals differ greatly in their ability to absorb -carotene, and metabolic derangements could affect the absorption and metabolism of carotenoids.
A few dietary studies of diabetes incidence have suggested that increased consumption of vegetables may reduce the risk of developing diabetes (29, 30) , and antioxidants could play a role in the development of diabetes although the mechanisms are unclear (7, 31) . Furthermore, antioxidants and their role in the complications of diabetes are a topic of research attention (12, (32) (33) (34) . Free radicals have been shown to disrupt insulin action and total body glucose disposal (35, 36) . If antioxidants play a role in the pathogenesis of diabetes, our finding of an inverse linear relation between serum p-carotene and lycopene and glucose tolerance status may be of considerable interest, especially since lycopene is one of the best antioxidants among carotenoids as evidenced by its singlet oxygen-quenching ability (37) . The linear relation found in our data lends some support to a potential association between carotenoids and glucose intolerance. However, the data emanate from a cross-sectional study and, therefore, directionality of any relations is always an issue. Moreover, because the serum carotenoids are highly intercorrelated and several were inversely related to the degree of glucose tolerance, these relations may not be specific. Furthermore, (5-carotene could be a marker for other phytonutrients, such as flavonoids, terpenes, polyphenols, indoles, and so on, with which they are highly correlated.
With an estimated 16 million persons having diabetes and a cost to the United States of about $92 billion in 1992 (38, 39) , new directions in the prevention of diabetes and its complications are clearly desirable. The results from our analysis suggest one such avenue. Our data raise some interesting questions about the role of carotenoids in the pathogenesis of diabetes. Future investigations should focus on whether low serum carotenoid concentrations or other measures of carotenoid status play a role in the pathogenesis of diabetes or whether glucose intolerance adversely affects serum carotenoid concentrations.
